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The doping efficiency of lithium deposited at cryogenic temperatures on epitaxial and CVD mono-
layer graphene has been investigated under ultra-high vacuum conditions. Change of charge carrier
density was monitored by gate voltage shift of the Dirac point and by Hall measurements, in low
and high doping regimes. It was found that pre-annealing the graphene greatly enhanced the max-
imum levels of doping that could be achieved: doping saturated at ∆n = 2× 1013 e−/cm2 without
annealing, independent of sample type or previous processing; after a 900 K anneal, the saturated
doping rose one order of magnitude to ∆n = 2× 1014 e−/cm2.
PACS numbers: May be entered using the \pacs{#1} command.
Graphene, as an atom-thin surface conductor, offers
the unique possibility of tailoring electronic properties by
depositing adatoms (or molecules) directly on the carbon
lattice. By proper choice of adatom, it may be possible to
open a band gap1–3; create local magnetic moments4,5;
enhance spin-orbit coupling to the point the graphene
may become a quantum spin Hall insulator6,7 or experi-
ence a quantum anomalous Hall effect8; or even to in-
duce superconductivity9–12. Alkaline adatoms in par-
ticular (alkali metals or alkaline earth metals) should
dope graphene very efficiently, approaching one extra
electron per carbon atom at monolayer coverage. Alkali
on graphene are predicted to enhance electron-phonon
coupling to the point that superconducting critical tem-
peratures of several Kelvin or more are achieved,9,10 due
both to heavy doping with an associated increase in the
electronic density of states, as well as changes to the de-
formation potential and phonon frequency.9,13,14
The promise of adatom alterations to graphene’s
electronic structure has been realized in some experi-
ments, whereas several others have reported a surpris-
ing absence of adatoms’ predicted effects. For example,
adatoms have been confirmed to cause charged-impurity
scattering in graphene15–17 consistent with theoretical
predictions18–22. At the same time, the theoretically pre-
dicted enhancement of spin-orbit interaction on graphene
by heavy metal adatoms like indium6,7,23,24 has not been
observed experimentally25,26.
One of the challenges to moving forward in this area is
the difficulty of comparing experiments performed using
different forms of graphene, different substrates, different
preparation techniques and deposition conditions, even
different adatoms, to each other or to theoretical predic-
tions. It is well established, for example, that a given
adatom species deposited on single layer graphene may
remain on top of the graphene sheet at its interface with
vacuum27,28, or may intercalate underneath between the
graphene and its substrate29–31, depending on the prepa-
ration conditions.
Here, we report a transport investigation of what is
arguably the simplest of all adatom effects on graphene:
charge doping by alkali atoms (Li) deposited under
cryogenic UHV conditions. Earlier measurements of
the Fermi surface area for Li-on-graphene, using angle-
resolved photoemission (ARPES), confirmed that each
Li adatom contributed approximately one electron to the
graphene carrier density, for both cryogenic and elevated
temperature deposition conditions, though the carrier
density was observed to saturate to values differing by a
factor of nearly 5 in the two experiments27,32. Transport
measurements of dilute potassium and calcium adatoms
on graphene, also deposited under cryogenic UHV condi-
tions, observed charged-impurity scattering due to the
adatoms; these measurements were consistent with a
similar charge transfer ∼1e−/adatom. However, doping
in these experiments was not explored beyond approxi-
mately 0.1% of full coverage15–17.
The primary outcome of our experiment is the obser-
vation that alkali doping on graphene, after deposition
under cryogenic UHV conditions, in general saturates far
below the values reported in Refs. 27 and 32. Differ-
ent types of graphene, prepared with and without resist-
based processing, saturate at a 2 × 1013 e−/cm2 dop-
ing level after Li deposition at 4 K. Only when an in
situ annealing step to 900 K has been performed, prior
to the cryogenic deposition, is the full doping expected
for monolayer alkali coverage recovered. Apparently, the
UHV bake-out process and even subsequent annealing to
500 or 700 K fails to prepare a pristine graphene surface
when close adatom-graphene interactions are required. A
comparison of annealing protocols sheds light on possible
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FIG. 1. (a) Scaled schematic of experimental set up; dashed
line illustrates the walls of UHV chamber, with jagged seg-
ments showing connection to the pumps and other parts of
chamber. L: Li source, W: wobble stick. (b) a close up view
of sample stage in panel (a); S: sample, D: diode.
explanations for this effect.
Measurements were performed on seven different
graphene devices: five epitaxial graphene samples on SiC
(SiC1-5), and 2 samples grown by CVD and transferred
on to SiO2/Si chips (CVD1,2). SiC3,4,5 were measured
with and without performing annealing tests, whereas
SiC1,2 and CVD1,2 were measured directly after bake-
out, without a subsequent annealing step.
SiC1 was a 3×3 mm2 epitaxial monolayer graphene
grown on a weakly-doped 6H-SiC(0001) surface33. SiC2,
SiC3, SiC4 and SiC5, respectively 4×4 mm2, 4×4 mm2,
4×2.5 mm2 and 4×2.5 mm2, were cut from commer-
cially available epitaxial monolayer graphene grown on
the semi-insulating 4H-SiC(0001) surface34. Eight con-
tacts were deposited onto the corners and edges of each
SiC sample, using shadow evaporation to avoid polymer
resist contamination on the as-grown graphene surface.
Contacts on SiC1,2,4,5 were 5 nm Cr/90 nm Au; on SiC3
contacts were 100 nm Au.
CVD1 and CVD2 were commercially available mono-
layer graphene grown by CVD on copper foil: CVD1
was purchased already-transferred35 onto a Si/SiO2 chip,
then etched by oxygen plasma into a Hall bar geome-
try (29.5 µm wide with longitudinal Rxx contacts sep-
arated by 73.6 µm) defined by electron beam lithogra-
phy (EBL). CVD2 was transferred36 in our laboratory
using procedures described in Ref. 37, then etched by
oxygen plasma into a square (∼700×700 µm2) defined
by EBL. CVD samples were electrically contacted with
Ni/Au (5nm/90nm) squares defined by EBL and liftoff.
After fabrication, CVD devices were annealed in forming
gas (5.72 % H2, balance N2) at 350
◦C for 1.5 hours to
remove resist residues.
Deposition and transport measurements were carried
out on a cryogenic stage in UHV, at pressures below
5×10−10 torr after a 3 day bakeout at 100 ◦C [Fig. 1a].
The sample was at the center of a superconducting coil
that could be energized to 100 mT. The frame of this
magnet plus a cover plate acted as a 4 K shield. The
sample stage was screwed to the magnet frame which it-
self was glued and screwed to a copper stub (cold finger).
The cold finger’s temperature could be controlled down
to 3 K using pumped liquid He, as monitored by a silicon
diode (Lakeshore DT-670B-SD). In addition to the 4 K
shield, there was a 30 K shield that was closed using a me-
chanical shutter before and after Li evaporation [Fig. 1b].
SiC1,2 and CVD1,2 chips were thermally sunk directly to
the sample stage. SiC3,4,5 used a customized stage that
enabled pre-annealing operations close to 1000 K, while
still cooling efficiently for subsequent cryogenic deposi-
tion and measurement. In all cases, cryogenic tempera-
tures on the graphene were monitored via the electron-
electron contribution to resistivity.
The custom stage for SiC3,4,5 [Fig. 2] included a
3×12×0.1 mm single crystal z-cut quartz plate serving
as a thermal insulator at high temperature while offer-
ing effective thermal coupling at cryogenic temperatures.
Samples were glued to one end of the plate, with the
opposite end glued to the copper body of the stage. An-
nealing temperatures were achieved by driving current
through the graphene, from three contacts on one edge
of the sample as a source to three on the opposite edge as
a drain. Elevated chip temperatures were monitored with
a 13 µm Chromel/Alumel thermocouple between the chip
and the quartz plate. 50 mA through the graphene re-
quired 25 V, giving 1.25 W dissipation and raising the
sample temperature to 900 K while other areas in the
sample holder stayed less than 350 K.
Lithium was evaporated by driving current through an
alkali metal dispenser (SAES Getters) located 28 cm (all
except CVD1) or 13 cm (CVD1) below the sample stage.
Li sources were first degassed for 30 min at 6 A, and 1-2
min in 7-7.5 A, after the bakeout. In all cases, deposi-
tion occurred when the sample temperature was at 4 K.
Immediately before evaporation, the source current was
raised to the desired level for one minute, then the shutter
was opened during deposition. The sample temperature
rose by at most 1 K during evaporation. Li vapor dur-
ing evaporation was detected by a residual gas analyser
positioned off-axis. The presence of Li on the graphene
surface was later confirmed by time-of-flight secondary
ion mass spectrometry.
Figure 3 illustrates mild electron doping by Li on
CVD1, clearly visible as a shift in the Dirac peak (the
zero-carrier-density resistance peak) to more negative
gate voltages [Fig. 3a]. Spatial charge inhomogeneity in-
troduced by Li adatoms broadened the Dirac peak with
each deposition. For fixed Li source current, the shift in
the Dirac peak was linear in deposition time [Fig. 3b],
3TC+ TC-
FIG. 2. Pre-annealing stage, showing chip glued to end of
quartz plate with thermocouple attached to leads TC+ and
TC-.
confirming the constant deposition rate from the getter
source over multiple depositions spread over the ten hours
required to accumulate a set of data such as that in Fig. 3.
Dirac peak shift in gate voltage is a useful probe of
charge carrier density for mild doping, but is ineffective
at higher densities when the Dirac peak moves out of
the range of accessible gate voltages, and on the (un-
gateable) SiC samples. Induced charge density was also
monitored using the Hall effect away from the Dirac
point [Fig. 3c]. Hall and Dirac point measurements were
consistent throughout the accessible gate voltage range
[Fig. 3d].
Although the induced carrier density can be deter-
mined as in Fig. 3, the density of adatoms on the surface
could not be directly measured. The ratio between the
two is η, the net charge transferred per adatom. A range
η = 0.5 − 0.7 has been predicted by DFT calculations,
assuming the Li sits on the Hollow site (at the center of a
ring of carbon atoms)38–41. Measured values for η range
from 0.528 to 0.6627 for ARPES data.
For heavier adatom deposition on CVD1 than what
is shown in Fig. 3, the charge carrier density satu-
rated at 2.5 × 1013 e−/cm2 [Fig. 4], an increase of
∆nsat = 2.1 × 1013 e−/cm2 above the initial density
ninit = 0.4 × 1013 e−/cm2 recorded after UHV bakeout
but before Li exposure. Nearly identical saturated dop-
ing levels, ∆nsat = 2 × 1013 e−/cm2, were observed for
CVD2, and SiC1,2,3. In contrast, an order of magnitude
larger ∆n(
√
3×√3)R30◦ = 1.9×1014 e−/cm2 is expected for
the (
√
3×√3)R30◦ arrangement of Li on graphene at the
predicted η = 0.6. It is unlikely that the anomalously low
doping observed here results from processing, given that
CVD1 and 2 followed different processing protocols, and
SiC1,2,3 were never exposed to polymer resists. Also, the
saturated doping was apparently not affected by initial
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FIG. 3. Li deposition at 3 K on CVD1: (a) Dirac peak shift
with consecutive Li depositions. Retraced data show repeated
scans, confirming no shift of Dirac peak with time after the
shutter was closed. Legend indicates total deposition time.
(b) Gate voltage shift of Dirac peak center (∆VD) was lin-
ear in deposition time. (c) Example of Hall data. (d) Car-
rier density, nH , extracted via Hall effect at different gate
voltages for each deposition time (marker size indicates error
bars). Diagonal lines [legend as in (a)] correspond to backgate
capacitance α=nH/Vg=5.0×1014 m−2V−1 with zero-crossing
(vertical lines) set by Dirac point at each deposition time.
carrier density [Fig. 4].
The saturated doping also did not depend on the cur-
rent passed through the getter, or the getter-to-sample
distance. The graphene-getter distance was 13 cm for
CVD2, but 28 cm for CVD1 and SiC1,2,3. If radiative
heating from the source allowed adatoms to move around,
for example to dimerize, this effect should have been
stronger for CVD2 compared to CVD1. After scaling de-
position time by the geometrical factor (13 cm/28 cm)2
to account for different source-sample distances, even the
rate of doping increase was the same [Fig. 4] for CVD1
and CVD2. The results of each deposition in Fig. 4 were
reproduced in a second run with the same getter source,
confirming that the saturation was not associated with
empty Li sources.
The one additional step that did increase ∆nsat was
a post-bakeout anneal, prior to cryogenic Li deposi-
tion. Fig. 5 illustrates the progressively higher ∆nsat
found for pre-deposition annealing temperatures 500 K
and above. In all cases where identical preparations
were performed on multiple samples, the same values
of ∆nsat were found, validating the comparison of dif-
ferent SiC samples on a single graph. SiC3 data shows
the ∆nsat = 2 × 1013 e−/cm2 baseline before anneal-
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FIG. 5. Change of carrier density ∆n versus Li deposition
time for SiC3,4,5, before and after annealing. The Li evapo-
ration source was not changed between subsequent measure-
ments of a given sample; getter current was 7.5 A in all cases.
ing, consistent with Fig. 4, then the order of magnitude
larger ∆nsat = 2×1014 e−/cm2 that was reached reached
when the sample was annealed to 900 K prior to the
Li cryogenic deposition. SiC4 data shows that a 500 K
anneal yields ∆nsat = 4 × 1013 e−/cm2, while 700 K
yields ∆nsat = 9 × 1013 e−/cm2, and that ∆nsat is in-
dependent of annealing time. We note that the value
∆nsat = 2×1014 e−/cm2, recorded in SiC3 after a 900 K
anneal, is considerably larger than the ∆nsat ∼ 9× 1013
e−/cm2 found in Ref. 32 for cryogenic deposition under
nearly identical conditions.
How can we understand the saturation of doping
at 10% of the expected level for unprocessed epitaxial
graphene after a standard UHV bakeout? Conversely,
what changes are induced on the surface by the 500, 700,
and 900 K anneals, that raise the saturated doping lev-
els by an order of magnitude? In order to address these
questions, SiC5 was first annealed at 900 K, then exposed
to air for 2.5 hours, then baked out a second time before
Li deposition. Air exposure would presumably not alter
surface reconstructions due to the anneal, but difficult-
to-remove atmospheric contaminants such as H2O might
return.
The intermediate air exposure reduced ∆nsat back
to 3 × 1013 e−/cm2 [Fig. 5], not far above the unan-
nealed value. This result suggests that limits on ∆nsat
are primarily due to atmospheric gases absorbed on the
graphene, rather than defects that are healed by high
temperature annealing in UHV42–46. However, the in-
crease in ∆nsat from 700 to 900 K annealing temperature
indicates these adsorbates are not fully removed even by
anneals up to 700 K. This observation is difficult to recon-
cile with data from several groups indicating desorption
temperatures for H2O on graphene from 150 K to 400
K47–49. It is well established that H2O, O2, H2, and N2
intercalate between monolayer graphene and its substrate
(in many cases SiC)48,50–60. On the other hand, it is not
straightforward to identify a mechanism by which these
intercalants would affect the doping efficiency of surface
Li adatoms.
Although the data above have focused on ∆n, an-
nealing also affected the pre-deposition carrier density
ninit. Annealing above 500 K increased the carrier den-
sity in bare SiC samples from 1 − 1.7 × 1013 e−/cm2 to
2−2.7×1013 e−/cm2, though exact values varied sample
to sample. After a first Li deposition step, annealing at
500 K brought ninit close to its pre-Li value. However,
some indications were found that the desorption process
for Li even after a 900 K anneal was not complete; this
desorption will be the topic of a future study.
The data reported here motivate a more careful exami-
nation of the graphene-vacuum interface under UHV con-
ditions, and how it evolves during annealing, via surface-
sensitive techniques such as STM or LEED. At the same
time, they demonstrate that reliable adatom-graphene
interactions can be achieved only after in situ high tem-
perature cleaning procedures. This observation may ex-
plain the difficulty many groups have faced in inducing
superconductivity, spin-orbit interaction, or similar elec-
tronic modifications to graphene by adatom deposition,
and points toward a straightforward, if experimentally
challenging, solution.
ACKNOWLEDGMENTS
The authors acknowledge A Damascelli, B Ludbrook,
S Burke, G Levy, P Nigge, and A Macdonald for numer-
ous discussions, as well as Ludbrook and J Renard for
assistance in building the chamber. A.K. thanks UBC
for financial support through the Four Year Doctoral Fel-
lowship. Research supported by NSERC, CFI, and the
SBQMI partnership with MPI.
5∗ jfolk@physics.ubc.ca
1 D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V.
Morozov, P. Blake, M. P. Halsall, A. C. Ferrari, D. W.
Boukhvalov, M. I. Katsnelson, A. K. Geim, and K. S.
Novoselov, Science 323, 610 (2009).
2 S.-H. Cheng, K. Zou, F. Okino, H. R. Gutierrez, A. Gupta,
N. Shen, P. C. Eklund, J. O. Sofo, and J. Zhu, Phys. Rev.
B 81, 205435 (2010).
3 J. T. Robinson, J. S. Burgess, C. E. Junkermeier, S. C.
Badescu, T. L. Reinecke, F. K. Perkins, M. K. Zalalutd-
niov, J. W. Baldwin, J. C. Culbertson, P. E. Sheehan,
and E. S. Snow, Nano Letters 10, 3001 (2010), pMID:
20698613.
4 X. Hong, K. Zou, B. Wang, S.-H. Cheng, and J. Zhu,
Phys. Rev. Lett. 108, 226602 (2012).
5 T. Eelbo, M. Was´niowska, P. Thakur, M. Gyamfi, B. Sachs,
T. O. Wehling, S. Forti, U. Starke, C. Tieg, A. I. Lichten-
stein, and R. Wiesendanger, Phys. Rev. Lett. 110, 136804
(2013).
6 C. Weeks, J. Hu, J. Alicea, M. Franz, and R. Wu, Phys.
Rev. X 1, 021001 (2011).
7 J. Hu, J. Alicea, R. Wu, and M. Franz, Phys. Rev. Lett.
109, 266801 (2012).
8 H. Zhang, C. Lazo, S. Blu¨gel, S. Heinze, and
Y. Mokrousov, Phys. Rev. Lett. 108, 056802 (2012).
9 G. Profeta, M. Calandra, and F. Mauri, Nat Phys 8, 131
(2012).
10 J. A. Flores-Livas and A. Sanna, Phys. Rev. B 91, 054508
(2015).
11 B. Uchoa and A. H. Castro Neto, Phys. Rev. Lett. 98,
146801 (2007).
12 R. Nandkishore, L. S. Levitov, and A. V. Chubukov, Nat
Phys 8, 158 (2012).
13 T. P. Kaloni, A. V. Balatsky, and U. Schwingenschlgl,
EPL (Europhysics Letters) 104, 47013 (2013).
14 K. T. Chan, J. B. Neaton, and M. L. Cohen, Phys. Rev.
B 77, 235430 (2008).
15 J.-H. Chen, C. Jang, S. Adam, M. S. Fuhrer, E. D.
Williams, and M. Ishigami, Nat Phys 4, 377 (2008).
16 J. Yan and M. S. Fuhrer, Phys. Rev. Lett. 107, 206601
(2011).
17 J. Katoch and M. Ishigami, Solid State Communications
152, 60 (2012).
18 S. Adam, E. H. Hwang, V. M. Galitski, and S. Das Sarma,
Proceedings of the National Academy of Sciences 104,
18392 (2007).
19 T. Ando, Journal of the Physical So-
ciety of Japan 75, 074716 (2006),
http://dx.doi.org/10.1143/JPSJ.75.074716.
20 K. Nomura and A. H. MacDonald, Phys. Rev. Lett. 98,
076602 (2007).
21 V. V. Cheianov and V. I. Fal’ko, Phys. Rev. Lett. 97,
226801 (2006).
22 M. Trushin and J. Schliemann, Phys. Rev. Lett. 99, 216602
(2007).
23 Z. Liu, M. Zhu, and Y. Zheng, Phys. Rev. B 92, 245438
(2015).
24 H. Jiang, Z. Qiao, H. Liu, J. Shi, and Q. Niu, Phys. Rev.
Lett. 109, 116803 (2012).
25 Z. Jia, B. Yan, J. Niu, Q. Han, R. Zhu, D. Yu, and X. Wu,
Phys. Rev. B 91, 085411 (2015).
26 U. Chandni, E. A. Henriksen, and J. P. Eisenstein, Phys.
Rev. B 91, 245402 (2015).
27 A. V. Fedorov, N. I. Verbitskiy, D. Haberer, C. Struzzi,
L. Petaccia, D. Usachov, O. Y. Vilkov, D. V. Vyalikh,
J. Fink, M. Knupfer, B. Bu¨chner, and A. Gru¨neis, Nat
Commun 5, 3257 (2014).
28 D. Usachov, A. Fedorov, O. Vilkov, A. Erofeevskaya,
A. Vopilov, V. Adamchuk, and D. Vyalikh, Physics of
the Solid State 57, 1040 (2015).
29 C. Virojanadara, S. Watcharinyanon, A. A. Zakharov, and
L. I. Johansson, Phys. Rev. B 82, 205402 (2010).
30 F. Bisti, G. Profeta, H. Vita, M. Donarelli, F. Perrozzi,
P. M. Sheverdyaeva, P. Moras, K. Horn, and L. Ottaviano,
Phys. Rev. B 91, 245411 (2015).
31 S. Watcharinyanon, L. Johansson, A. Zakharov, and C. Vi-
rojanadara, Surface Science 606, 401 (2012).
32 B. M. Ludbrook, G. Levy, P. Nigge, M. Zonno, M. Schnei-
der, D. J. Dvorak, C. N. Veenstra, S. Zhdanovich,
D. Wong, P. Dosanjh, C. Straer, A. Sthr, S. Forti, C. R.
Ast, U. Starke, and A. Damascelli, Proceedings of the
National Academy of Sciences 112, 11795 (2015).
33 S. Forti, K. V. Emtsev, C. Coletti, A. A. Zakharov,
C. Riedl, and U. Starke, Phys. Rev. B 84, 125449 (2011).
34 graphensic company, Epitaxial graphene on silicon carbide;
http://graphensic.com.
35 Graphenea Inc., Monolayer Graphene on
SiO2/Si (10mm×10mm) - Pack 4 units;
http://www.graphenea.com.
36 BGT Materials Limited Ltd., “Gratom-M-Cu,”
http://bgtmaterials.com.
37 Master’s thesis.
38 Z. H. Zhu and G. Q. Lu, Langmuir 20, 10751 (2004), pMID:
15544412.
39 F. Valencia, A. H. Romero, F. Ancilotto, and P. L. Sil-
vestrelli, The Journal of Physical Chemistry B 110, 14832
(2006), pMID: 16869593.
40 I. Cabria, M. J. Lpez, and J. A. Alonso, The Journal of
Chemical Physics 123, 204721 (2005).
41 J. Zhou, Q. Sun, Q. Wang, and P. Jena, Phys. Rev. B 90,
205427 (2014).
42 B. Song, G. F. Schneider, Q. Xu, G. Pandraud, C. Dekker,
and H. Zandbergen, Nano Letters 11, 2247 (2011), pMID:
21604710, http://dx.doi.org/10.1021/nl200369r.
43 Z. Liu, Y.-C. Lin, C.-C. Lu, C.-H. Yeh, P.-W. Chiu,
S. Iijima, and K. Suenaga, Nat Commun 5 (2014), article.
44 Z. J. Qi, C. Daniels, S. J. Hong, Y. W. Park,
V. Meunier, M. Drndi, and A. T. C. John-
son, ACS Nano 9, 3510 (2015), pMID: 25738404,
http://dx.doi.org/10.1021/nn507452g.
45 L. Vicarelli, S. J. Heerema, C. Dekker, and H. W.
Zandbergen, ACS Nano 9, 3428 (2015), pMID: 25864552,
http://dx.doi.org/10.1021/acsnano.5b01762.
46 Y. L. Shen, P. Zhou, L. H. Wang, Q. Q. Sun, Q. Q. Tao,
P. F. Wang, S. J. Ding, and D. W. Zhang, in ASIC
(ASICON), 2013 IEEE 10th International Conference on
(2013) pp. 1–4.
47 T. L. Burnett, J. Patten, and O. Kazakova, ArXiv e-prints
(2012), arXiv:1204.3323 [cond-mat.mes-hall].
48 K. Alexandrou, F. Farmakis, A. Arapis, N. Geor-
goulas, Y. Hao, J. Hone, and I. Kymissis, Journal
of Vacuum Science & Technology B 34, 041805 (2016),
6http://dx.doi.org/10.1116/1.4952409.
49 R. S. Smith, J. Matthiesen, and B. D. Kay, The Journal
of Physical Chemistry A 118, 8242 (2014).
50 E. J. Olson, R. Ma, T. Sun, M. A. Ebrish, N. Haratipour,
K. Min, N. R. Aluru, and S. J. Koester, ACS Applied
Materials & Interfaces 7, 25804 (2015), pMID: 26502269,
http://dx.doi.org/10.1021/acsami.5b07731.
51 G. Kowalski, M. Tokarczyk, P. Dbrowski, P. Ciepielewski,
M. Modonek, W. Strupiski, and J. M. Bara-
nowski, Journal of Applied Physics 117, 105301 (2015),
http://dx.doi.org/10.1063/1.4914161.
52 X. Feng, S. Maier, and M. Salmeron, Journal of the Amer-
ican Chemical Society 134, 5662 (2012), pMID: 22400993,
http://dx.doi.org/10.1021/ja3003809.
53 G. Hong, Y. Han, T. M. Schutzius, Y. Wang, Y. Pan,
M. Hu, J. Jie, C. S. Sharma, U. Mller, and D. Poulikakos,
Nano Letters 16, 44474453 (2016), pMID: 27248183,
http://dx.doi.org/10.1021/acs.nanolett.6b01594.
54 F. Speck, J. Jobst, F. Fromm, M. Ostler, D. Wald-
mann, M. Hundhausen, H. B. Weber, and
T. Seyller, Applied Physics Letters 99, 122106 (2011),
http://dx.doi.org/10.1063/1.3643034.
55 C. Riedl, C. Coletti, T. Iwasaki, A. A. Zakharov, and
U. Starke, Phys. Rev. Lett. 103, 246804 (2009).
56 J. A. Robinson, M. Hollander, I. Michael LaBella,
K. A. Trumbull, R. Cavalero, and D. W. Sny-
der, Nano Letters 11, 3875 (2011), pMID: 21805993,
http://dx.doi.org/10.1021/nl2019855.
57 M. Tokarczyk, G. Kowalski, M. Modonek, J. Borysiuk,
R. Stpniewski, W. Strupiski, P. Ciepielewski, and J. M.
Baranowski, Applied Physics Letters 103, 241915 (2013),
http://dx.doi.org/10.1063/1.4848815.
58 N. M. Caffrey, R. Armiento, R. Yakimova, and I. A.
Abrikosov, Phys. Rev. B 92, 081409 (2015).
59 N. Bom, M. O. Jr., G. Soares, C. Radtke, J. Lopes, and
H. Riechert, Carbon 78, 298 (2014).
60 M. Ostler, F. Fromm, R. J. Koch, P. Wehrfritz, F. Speck,
H. Vita, S. Bttcher, K. Horn, and T. Seyller, Carbon 70,
258 (2014).
